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(57) ABSTRACT

To determine the temperature profile (T'm(t)) of a hot-rolled
material (1) in a cooling line (5), a heat conduction equation
which takes the following form

— —div

de Ale, p)
a1 [

-gradT (e, p)] =0

where ¢ 1s the enthalpy, A the thermal conductivity, p the
degree of phase transformation, p the density and T the
temperature of the rolled material at the rolled-material
location and t 1s the time, 1s solved 1n a cooling-line model

(4).

14 Claims, 4 Drawing Sheets
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METHOD FOR COOLING A HOT-ROLLED
MATERIAL AND CORRESPONDING
COOLING-LINE MODELS

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a continuation of co-pending Interna-
tional Application No. PCT/DE02/02077 filed Jun. 7, 2002,

which designates the United States, and claims priority to
German application number DE10129565.0 filed Jun. 20,

2001.
BACKGROUND OF THE INVENTION

The present mvention relates to a method for cooling a
hot-rolled material having a rolled-material cross section, 1n
particular a metal strip, €.g. a steel strip, 1n a cooling line,
comprising the following steps:

a starting temperature 1s recorded for a rolled-material
location upstream of the cooling line,

a temporal quantitative coolant profile 1s determined on
the basis of a cooling-line model and predetermined
desired properties of the rolled material,

a coolant 1s applied to the rolled-material location 1in
accordance with the temporal quantitative coolant pro-

file which has been determined, and

an expected temporal temperature profile of the rolled
material at the rolled-material location across the
rolled-material cross section 1s determined on the basis
of the cooling-line model and the temporal quantitative
coolant profile.

The present invention also relates to a corresponding
cooling-line model.

A cooling method of this type and the corresponding
cooling-line model are known, for example, from “Stahl und
Eisen”, Volume 116 (1996), No. 11, pages 115 to 120.

The exact modeling of the temporal temperature profile
during cooling of a hot-rolled metal strip 1s of crucial
importance for controlling the quantitative coolant profile.
Since, furthermore, the cooling 1s not in thermodynamic
equilibrium, phase transitions 1n the rolled material to be
cooled, e.g. a phase transformation 1n steel, have a crucial
clfect on the thermal characteristics during cooling.
Theretfore, the phase transformation has to be incorporated
in Fourier’s law of heat conduction.

The modeling of the phase transformation in turn requires
the temperature as an iput parameter. This results 1n a
coupled differential equation system which can be approxi-
mately solved numerically, e.g. by a starting value problem
solver. In this approach, it 1s necessary to solve Fourier’s
heat conduction equation together with the dynamics of the
phase transformation.

Two methods are customary in the prior art.

In the first of these, the phase transformation is initially
modeled on the basis of an approximate temperature profile.
Then, the phase transformation 1s frozen. The exothermic
events 1n the phase transformation are then taken into
account 1n Fourier’s heat conduction equation by means of
heat sources. This approach partially neglects the link
between the phase transformation and the temperature.

Although another method does couple the phase transfor-
mation to the solution to the Fourier’s heat conduction
equation, 1n this method too exothermic events in the phase
transformation are simulated by heat sources in the Fourier’s
heat conduction equation.

However, the methods of the prior art only appear to solve
the problem. In fact, 1n both cases the approach 1s incorrect
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under the laws of physics. This 1s demonstrated 1n particular
by the fact that the heat source has to be separately param-
cterized 1n the cooling-line model.

SUMMARY OF THE INVENTION

The object of the present invention 1s to provide a cooling,
method and the corresponding cooling-line model by means
of which the temperature of the rolled material which 1s to
be cooled and also its phases and phase transitions are
correctly described.

For the cooling method, the object 1s achieved by the fact
that a heat conduction equation of the following form

de _
— —div

dt

Ale, p)

-gradT (e, p)] =0

where ¢ 1s the enthalpy, A the thermal conductivity, p the
degree of phase transformation, p the density and T the
temperature of the rolled material at the rolled-material
location and t 1s the time, 1s solved 1n the coolant-line model
in order to determine the temperature profile in the rolled
material.

The variables ¢ and p are in this case position- and
fime-dependent. div and grad are the generally known
operators divergence and gradient, which act on the position
variables.

Correspondingly, the object for the cooling-line model 1s
achieved by the fact that 1t, in order to determine the
temperature profile in the rolled material, includes a heat
conduction equation of the following form

de
ot

Ale, p)

—div -gradTe, p)] =0

where € 1s the enthalpy, A the thermal conductivity, p the
degree of phase transformation, p the density and T the
temperature of the rolled material at the rolled-material
location and t 1s the time.

The above equation still needs to be supplemented 1n the
usual way with starting and boundary conditions. These
supplements are effected 1n the same way as 1s generally
customary and known 1n the prior art. Therefore, the supple-
ments are not dealt with 1n more detail below.

The 1inventive solution approach is based on the principle
of conservation of energy. Therefore, the Fourier’s heat
conduction equation 1s formulated with the enthalpy as a
state variable and the temperature as a variable which 1s
dependent on the enthalpy. Heat sources are not required, as
can be seen. Therefore, they also no longer have to be
parameterized.

Since the approach for the heat conduction equation 1s
now correct, the degree of phase transformation and the
enthalpy represent state variables which can be numerically
calculated 1n parallel.

The above solution applies irrespective of the profile of
the rolled material which 1s to be cooled. If the rolled
material 1s a metal strip, the result 1s essentially a heat flux
only 1n the direction of the strip thickness. By contrast, there
1s only a negligibly minor heat flux in the strip running
direction and in the strip width direction. It 1s therefore
possible to reduce the calculation outlay by considering the
heat conduction equation in only one-dimensional form
mstead of three-dimensional form. In this case, therefore, the
heat conduction equation can be simplified to
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d [Ale, p) O0T(e, P)] _ 0
dx| p ox -

X 1n this equation denotes the position variable 1n the strip
thickness direction.

The modeling 1s 1mproved still further i1f a finishing
temperature 1s recorded for the rolled-material location
downstream of the cooling line, since it 1s then possible, 1n
particular, to adapt the cooling-line model on the basis of a
comparison between the recorded finishing temperature and
an expected finishing temperature which i1s determined on
the basis of the expected temporal temperature profile.
Theretfore, the model can be optimized on the basis of the
finishing temperature which has actually been recorded.

Within the context of the cooling-line model, 1t 1s also
necessary to determine the degree of phase transformation.
This can take place 1n various ways. For example, 1t 1s
possible to determine the degree of phase transformation
using Scheil’s rule.

By way of example, 1t 1s also possible for the degree of
phase transformation (p) to be determined in the cooling-line
model on the basis of a differential equation which takes the
following form

dp
E — h(Ea p)

The advantage of this approach consists 1n the possibility
of linking 1t to Fourier’s heat conduction equation without
having to renounce the possibility of using a starting value
problem solver for the linked calculation of the degree of
phase transformation p and the temperature T.

h 1s a function as described, for example, in Equation 2 on

page 144 of the article “Mathematical Models of Solid-Solid
Phase Transitions in Steel” by A. Visintin, IMA Journal of
Applied Mathematics, 39, 1987, pages 143 to 157.

BRIEF DESCRIPTION OF THE FIGURES

Further advantages and details will emerge from the
following description of an exemplary embodiment 1n con-
junction with the drawings, 1n which:

FIG. 1 shows an outline 1llustration of a cooling line with
a metal strip,

FIG. 2 shows an outline illustration of a cooling-line
model,

FIG. 3 shows an outline illustration of the thermal con-
ductivity as a function of the enthalpy for two different
degrees of phase transformation,

FIG. 4 shows an outline 1llustration of the temperature as
a function of the enthalpy for two different degrees of phase
transformation, and

FIG. 5 shows an outline illustration of a heat conduction
model.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS OF THE
INVENTION

As shown 1n FIG. 1, a hot-rolled material 1 runs out of a
rolling stand 2 1n a strip running direction z and at a rolling
speed v. Downstream of the rolling stand 2 there 1s a
rolling-stand temperature-measuring point 3. In the rolling-
stand temperature-measuring point 3, a starting temperature
T1 for a rolled-material location 1s recorded at the surface of
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the rolled material 1 and 1s fed to a cooling-line model 4 as
an mput parameter.

In accordance with FIG. 1, the rolled material 1 1s a metal
strip, €.g. a steel strip. Therefore, 1n the width direction vy, 1t
has a rolled-material width b and, 1n a thickness direction x,
a rolled-material thickness d. Rolled-material width b and
rolled-material thickness d together result in the rolled-
material cross section of the rolled material 1.

The starting temperature T1 of the rolled material 1 may
vary transversely across the strip width b. The rolled-
material temperature-measuring point 3 1s therefore prefer-
ably designed 1n such a manner that the starting temperature
T1 can be recorded a number of times transversely across the
strip width b. By way of example, a plurality of temperature
sensors arranged transversely across the strip width b may
be provided for this purpose. It 1s also possible to provide a
temperature sensor, upstream of which there are optics by
means of which scanning 1n the strip width direction y 1s
possible.

Downstream of the rolling-stand temperature-measuring
point 3 there 1s a cooling line 5. The cooling line 5 has
cooling devices 6, by means of which a coolant 7, typically
water 7, can be applied to the rolled material 1 from above,
from below or from both sides. The way 1in which the coolant
1s applied 1s matched to the profile which 1s to be rolled.

A coiler temperature-measuring point 8 1s arranged down-
stream of the cooling line 5. The coiler temperature-
measuring point 8 can be used to record a corresponding
finishing temperature T2 for the rolled-material location,
and this finishing temperature 1s likewise fed to the cooling-
line model 4. The coiler temperature-measuring point 8 1s
designed in the same way as the rolling-stand temperature-
measuring point 3.

Downstream of the coiler temperature-measuring point 8
there 1s a coiler 9 onto which the metal strip 1 1s coiled.

The arrangement of the coiler 9 1s typical of the rolling of
strips. If profile sections are being rolled, there 1s usually a
different unit instead of the coiler 9, for example a loop
laying head in wire rolling mills.

When 1t reaches the coiler 9, the rolled material 1 should
be at a predetermined temperature and should have desired
microstructural properties G*. To achieve this, 1t 1s neces-
sary for the metal strip 1 to have a corresponding tempera-
ture proiile between the rolling stand 2 and the coiler 9. This
temperature profile 1s calculated by means of the cooling-
line model 4.

The cooling-line model 4 1s fed with various values as
shown 1n FIG. 1 and 2. First of all, the rolling speed v 1s fed

to the cooling-line model 4. In particular material tracking
can be carried out on the basis of this fact.

Then, the strip thickness d, the starting temperature T1
and various parameters PAR are fed to the cooling-line
model 4. The parameters PAR comprise in particular actual
and desired parameters of the strip 1. An example of an
actual parameter 1s the alloy of the metal strip 1 or its strip
width b. An example of a desired parameter 1s the desired
coller temperature.

As shown 1n FIG. 2, the cooling-line model 4 comprises
a heat conduction model 10, a heat transfer model 11 and a
quantitative coolant proiile determining means 12. The
cooling-line model 4 then determines an expected temporal
temperature profile Tm(t). The expected temperature profile
Tm(t) is compared with a desired temperature profile T*(t).
The result of the comparison 1s fed to the quantitative
coolant profile determining means 12. The latter then uses



US 6,560,950 B2

S

the difference to determine a new quantitative coolant profile
in order to move the expected temperature profile Tm(t) to
the desired temperature profile T*(t).

After matching has taken place, the cooling devices 6 of
the cooling line 5 are then controlled accordingly by the
quantitative coolant profile determining means 12. The
coolant 7 1s therefore applied to the corresponding rolled-
material location 1n accordance with the temporal quantita-
tive coolant profile which has been determined.

A heat conduction equation 1s solved 1n the heat conduc-
tion model 10 1n order to determine the expected tempera-
ture profile Tm(t). The heat conduction equation takes the
following form

de _
— —div

[A(Ea p)
or

-gradT (e, p)] = (.

In the formula, ¢ denotes the enthalpy, A the thermal
conductivity, p the degree of phase transformation, p the
density and T the temperature of the rolled material 1 at the
rolled-material location, and t denotes the time.

Furthermore, the degree of phase transformation p and its
temporal profile have to be determined 1n order to correctly
solve the heat conduction equation. This preferably takes
place on the basis of a differential equation which takes the
following form

dp
E — h(Ea p)

h 1s a function as described, for example, 1n Equation 2 on
page 144 of the article “Mathematical Models of Solid-Solid
Phase Transitions in Steel” by A. Visintin, IMA Journal of
Applied Mathematics, 39, 1987, pages 143 to 157.

The above equations have to be solved at the rolled-
material location for the entire rolled-material cross section.
Furthermore, 1t may also be necessary to take account of the
heat flux 1n the strip running direction z.

The relationship A(e,p) can be approximated in the equa-
tions for example by means of the following function

Me p)=pie 1)+(1-p)i(e,0).

In this case, in one exemplary configuration, A(e,1) and
Me,0) are functions as shown in FIG. 3.

The relationship T(e,p) can be approximated, for
example, by means of the following function

T(e,p)=pT(e,1)+(1-p)I(e,0).

In this case, T(e,1) and T(e,0) are functions as shown by way
of example 1 FIG. 4.

Until the metal strip 1 has reached the coiler temperature-
measuring point 8, the only actual temperature value avail-
able 1s the starting temperature T1. However, as soon as the
finishing temperature T2 can also be recorded, this tempera-
ture can be compared with a finishing temperature T2m
which was expected on the basis of the prior calculation. The
result of the comparison 1s fed to an adaptation element 13.
By way of example, the heat transfer model 13 can be
adapted by means of the adaptation element 13.

In the cooling-line model 4 which 1s illustrated in FIG. 2
and has been explained above, the heat conduction equation
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-gradT (e, p)] =0

1s solved in the context of the heat conduction model 10.
However, when metal strip 1s being cooled, heat flux occurs
substantially only 1n the x direction. It 1s therefore possible
and permissible, as shown 1 FIG. 5, to arrange the heat
conduction model 10 in one-dimensional form. It is there-
fore sufficient to solve a heat conduction equation which
takes the following form

de 0 [Ae,p) OTle, )|,
dr dx| p O0x -

This procedure requires a considerably reduced calcula-
fion outlay with only a slightly worse result, since in this
case only the heat conduction equation for a one-
dimensional bar which extends from the underside of the
strip to the top side of the strip at the rolled-material location
has to be solved.

What 1s claimed is:

1. A method for cooling a hot-rolled material having a
rolled-material cross section 1n a cooling line, comprising
the following steps:

a starting temperature 1s recorded for a rolled-material
location upstream of the cooling line,

a temporal quantitative coolant profile 1s determined on
the basis of a cooling-line model and predetermined
desired properties of the rolled material,

a coolant 1s applied to the rolled-material location in
accordance with the temporal quantitative coolant pro-
file which has been determined, and

an expected temporal temperature profile of the rolled
material at the rolled-material location across the
rolled-material cross section 1s determined on the basis
of the cooling-line model and the temporal quantitative
coolant profile, wherein a heat conduction equation of
the following form

de _
— —div

ot

Ale, p)

-gradT (e, p)] =0

where ¢ 1s the enthalpy, A the thermal conductivity, p the
degree of phase transformation, p the density and T the
temperature of the rolled material at the rolled-material
location and t 1s the time, 1s solved 1n the coolant-line model
in order to determine the temperature profile in the rolled
material.

2. The cooling method as claimed 1n claim 1, wherein a
finishing temperature 1s recorded for the rolled-material
location downstream of the cooling line.

3. The cooling method as claimed in claim 2, wherein the
cooling-line model 1s adapted on the basis of a comparison
between the recorded finishing temperature and an expected
finishing temperature, which 1s determined on the basis of
the expected temporal temperature profile.

4. A method for cooling a hot-rolled metal strip, 1n
particular a steel strip, having a strip thickness (d), in a
cooling line, comprising the following steps:

a starting temperature 1s recorded for a strip location

upstream of the cooling line,

a temporal quantitative coolant profile 1s determined on
the basis of a cooling-line model and predetermined
desired properties of the metal strip,
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a coolant 1s applied to the strip location in accordance
with the temporal quantitative coolant profile which has
been determined, and

an expected temporal temperature profile of the metal
strip at the strip location across the strip thickness (d)
1s determined on the basis of the cooling-line model
and the temporal quanfitative coolant profile,

wherein a heat conduction equation of the following form

de 9 [Ale, p) 9T(e, p) _ 0
dr Jdx| p 0x B

where ¢ 1s the enthalpy, x the position 1n the strip thickness
direction, A the thermal conductivity, p the degree of phase
transition, p the density and T the temperature of the metal
strip at the strip location and t 1s the time, 1s solved 1 the
cooling-line model 1 order to determine the temperature
proiile in the metal strip.

5. The cooling method as claimed 1n claim 4, wherein a
finishing temperature 1s recorded for the strip location
downstream of the cooling line.

6. The cooling method as claimed in claim 5, wherein the
cooling-line model 1s adapted on the basis of a comparison
between the recorded finishing temperature and an expected
finishing temperature which 1s determined on the basis of the
expected temporal temperature profile.

7. The cooling method as claimed in claim 1, wherein a
degree of phase transition (p) is further determined in the
cooling-line model on the basis of a differential equation
which takes the following form

ap
— = kle, p).

8. A cooling-line model for a hot-rolled material which 1s
to be cooled 1n a cooling line and has a rolled-material cross
section, said model comprising the following parameters:

a starting temperature upstream of the cooling line 1is
recorded of a rolled-material to be fed to the cooling-
line model,

a temporal quantitative coolant profile can be determined
by means of the cooling-line model on the basis of
predetermined desired properties of the rolled material,

an expected temporal temperature profile of the rolled
material at the rolled-material location across the
rolled-material cross section can be determined by
means of the cooling-line model and the temporal
quantitative coolant profile, wherein the cooling-line
model, 1n order to determine the temperature profile 1n
the rolled material, includes a heat conduction equation
of the following form
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-gradT (e, p)] =0

where ¢ 1s the enthalpy, A the thermal conductivity, p the
degree of phase transformation, p the density and T the

temperature of the rolled material at the rolled-material
location and t 1s the time.
9. The cooling-line model as claimed 1n claim 8, further

comprising a {inishing temperature, recorded downstream of
the cooling line of the rolled-material location.

10. The cooling method as claimed 1n claim 9, wherein the
cooling-line model can be adapted on the basis of a com-
parison between the recorded finishing temperature and an
expected finishing temperature determined on the basis of
the expected temporal temperature profile.

11. A cooling-line model for a hot-rolled steel strip to be
cooled in a cooling line, said strip having a thickness (d),
said model comprising the following parameters:

a starting temperature (T1), recorded downstream of the
cooling line, of a strip location 1s fed to the cooling-line
model,

a temporal quantitative coolant profile 1s determined by
means ol the cooling-line model on the basis of pre-
determined desired properties of the steel strip,

an expected temporal temperature profile of the strip at
the strip location across the strip thickness (d) can be
determined by means of the cooling-line model and the
temporal quantitative coolant profile, wherein the
cooling-line model, 1n order to determine the tempera-
ture profile 1n the strip includes the following heat
conduction equation:

9 [Ale. p) T(e, p)]_
0x -

dx| p

where ¢ 1s the enthalpy, x the position 1n the strip thickness
direction, A the thermal conductivity, p the degree of phase
transformation, p the density and T the temperature of the
strip at the strip location and t 1s the time.

12. The cooling-line model as claimed 1n claim 11, further
comprising a finmishing temperature parameter recorded
downstream of the cooling line of the strip location.

13. The cooling method as claimed 1n claim 12, wherein
the cooling-line model 1s adaptable on the basis of a com-
parison between the recorded finishing temperature and an
expected finishing temperature determined on the basis of
the expected temporal temperature profile.

14. The cooling-line model as claimed 1in claim 8, wherein
a degree of phase transformation (p) is determined using the
following differential equation:

dp
— =h .
37 (e, p)
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